ABSTRACT This study investigated the effects of thermal manipulation (TM) during embryonic days 12 to 18 on the cloacal temperature (T c ) and the kinetics of muscle mRNA levels of heat shock proteins 70 and 60 (Hsp70 and Hsp60) and heat shock factors 3 and 4 (HSF3 and HSF4) during the first week of life and during thermal stress (TS). One thousand five hundred fertile chicken eggs were randomly divided into 5 groups: control group (37.8
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INTRODUCTION
Thermal manipulation (TM) of broilers by subjecting them to thermal stress (TS) during susceptible periods of embryonic development has been shown to improve the acquisition of thermotolerance later in their life (Piestun et al., 2008a; Yan et al., 2009; Al-Zghoul et al., 2013) . Additionally, it has previously been reported that subjecting embryos to high and low temperatures during incubation improves their capacity to adapt to hot and cold environments, respectively, later in life (Minne and Decuypere, 1984; Yahav et al., 2004a,b; Piestun et al., 2009a Piestun et al., , 2011 Piestun et al., , 2015a Shinder et al., 2009; Al-Zghoul et al., 2015b; Loyau et al., 2015 Loyau et al., , 2016a . During TS, these improvements are most likely brought about by thyroid hormones (T 3 and T 4 ), which reduce broiler chicken metabolism, (Yahav et al., 2004a,b; Collin et al., 2007; Piestun et al., 2008a Piestun et al., ,b, 2009a Piestun et al., ,b, 2011 Piestun et al., , 2015a Walstra et al., 2010; Willemsen et al., 2010; Loyau et al., 2013 Loyau et al., , 2015 2016a,b) as well as heat shock proteins (Hsp), which increase tissue stability (Voellmy and Bromley, 1982; Lindquist and Craig, 1988; Givisiez et al., 2003; Al-Zghoul et al., 2013 , 2015c .
Also known as molecular chaperones, Hsps are a group of highly conserved proteins that are rapidly synthesized in tissues exposed to thermal stressors (Sikora and Grzesiuk, 2007; Gupta et al., 2010) . At the molecular level, Hsps play an important role in maintaining the integrity of structural proteins, preventing protein aggregation, and folding-refolding of damaged proteins (Sikora and Grzesiuk, 2007; Saluja and Dudeja, 2008) . Based on their molecular size, there are 6 main Hsp families, namely Hsp100, Hsp90, Hsp70, Hsp60, Hsp40, and the small Hsps (Feige et al., 1996; Morimoto, 1998 Morimoto, , 2008 Gupta et al., 2010) . In turn, Hsps are regulated by transcription factors called heat shock factors (HSFs), of which 4 (HSF1, HSF2, HSF3, and HSF4) play integral roles in stress biology (Morimoto, 1998; Pirkkala et al., 2001 ).
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In mammalian cells, non-lethal hyperthermia leads to changes in the expression and activity of proteins such as Hsps as a part of a process known as cell stress response (Lindquist, 1986; Gupta et al., 2010; Jaiswal et al., 2017) . This response is associated with a transient increase in thermotolerance acquisition and is temporally associated with increased Hsp expression. Hsps, and especially Hsp70, further come into play during heat stress in tissues of TM animals, which demonstrate improved stability (Wang and Edens, 1998; Al-Zghoul et al., 2013 . Moreover, Voellmy and Bromley (1982) reported that late chicken embryos express Hsp70 and that synthesis increases when incubation temperature rises, prompting Lindquist and Craig (1988) to propose a relationship between thermotolerance development and Hsp70 synthesis. Similarly, Givisiez et al. (2003) determined that lower incubation temperatures resulted in increased sensitivity to heat stress in broilers, while higher rearing temperatures led to differential Hsp70 levels.
Limited data are available about the kinetics of Hsp and HSF mRNA expression in TM broilers during acute heat stress. The aim of this study was thus to determine for the first time the effects of TM during broiler chicken embryogenesis on the mRNA expression dynamics of Hsp70, Hsp60, HSF3, and HSF4 during heat stress on post-hatch days 14 and 28.
MATERIALS AND METHODS

Incubation and Hatching Management
All experimental procedures and management conditions employed in this study were approved by the Jordan University of Science and Technology Animal Care and Use Committee (JUST-ACUC). One thousand seven hundred fertile Ross 315 broiler eggs were obtained from a certified Ross breeder flock of hens (Irbid, Jordan). The eggs were examined for breakage or any abnormality, and very small (<59 g) or large eggs (>68 g) were rejected. One thousand five hundred normal eggs were selected, with an initial weight of 64 ± 2 g, and these were incubated in 5 semi-commercial incubators (types 25 HS-SSF, Masalles, Barcelona, Spain). One thousand two hundred eggs were then equally divided into 5 incubation treatment groups (n = 300): controls, TM 1 , TM 2 , TM 3 , and TM 4 . The control group was maintained at 37.8 o C and 56% relative humidity (RH) throughout the incubation period. In contrast, the TM 1 , TM 2 , TM 3 , and TM 4 were subject to TM at 38.5 o C, 39 o C, 39.5 o C, and 40 o C, respectively, for 18 h a day and 65% RH during embryonic days (ED) 12 to 18.
During hatching, the number of hatched chicks was recorded on an hourly basis. Once their feathers were dry, each chick was taken from the incubator for immediate measurement of cloacal temperature (T c ) using a Type J/K/T thermocouple meter equipped with a rat rectal probe (Kent Scientific Corp., CT., USA; accuracy of ±0.1 o C). The 1-d-old chicks were transferred to the JUST animal house where the field experiment was conducted. T c was measured daily during the first week of each chick's life and later on days 10, 14, 21, 28, and 35 of age. Chicks were distributed in cage pens with an initial room temperature of 33 o C that was gradually decreased to 24
• C. Starting from post-hatch day 24 until day 35, the temperature was maintained at 21
• C. Water and feed were supplied to the chicks ad libitum.
TM and Heat Stress
To evaluate the effect of embryonic TM on thermotolerance acquisition, chicks from each treatment group were randomly divided into 2 subgroups: naïve (N) and thermally stressed (TS). On post-hatch days 14 and 28, 30 randomly selected chicks from each TS group were thermally stressed by increasing the room temperature to 41 o C for a 6-h period. Naïve chicks were kept in thermo-neutral conditions (25 ± 1 o C and 50 to 60% RH) in a separate room. T c of TS chicks was recorded at certain hourly intervals (0, 1, 3, and 5 h) after initiating conditions of TS.
After 1, 3, and 5 h of TS, 5 chicks from each treatment group were humanely euthanized so that pectoral and thigh muscle samples could be collected for total RNA isolation and relative-quantitative real time RT-PCR analyses. Identical samplings and measurements were also conducted using the naïve chicks as controls. Before and during the last hour of TS exposure, T c was measured and whole blood was drawn from the wing (brachial) vein from 10 chicks per treatment group and placed in EDTA tubes.
Total RNA Extraction and Reverse Transcription
Hsp and HSF muscle mRNA levels were evaluated using relative-quantitative real time RT-PCR analyses. Pectoral and thigh muscle samples were collected from 200 chicks on days 1, 3, and 5 of age (5 chicks from each treatment group per day) and from 75 chicks on days 14 and 28 of age (5 chicks from each treatment group per day). Total RNA was isolated using the Direct-zol RNA MiniPrep (Zymo Research Co., CA., USA) after homogenizing samples in TRI Reagent (Zymo Research Co., CA., USA). RNA concentrations were determined using a BioTeK PowerWave SX2 Microplate Spectrophotometer (BioTek Instruments Inc., VT, USA). Reverse transcription was performed using the SuperScript III FirstStrand Synthesis System (Invitrogen Inc., CA, USA). Total RNA (2 μg) from each sample was used to synthesize cDNA.
Relative-quantitative Real-time RT-PCR
Relative-quantitative real-time RT-PCR was performed using a QuantiTect SYBR Green PCR Kit (Qiagen, Valencia, CA, USA) on a LineGene K RealTime PCR system (BIOER Tech., Hangzhou, China). Briefly, the 20 μL reaction mix was prepared from 10 μL of master mix; 2 μL forward primer (10 pmol); 2 μL reverse primer (10 pmol); 2 μL cDNA of the sample; and 6.5 μL of nuclease-free water. Cycling parameters were 95
• C for 5 min, 40 cycles of 95
• C for 5 s, followed by 30 s at 55
• C, and 72
• C for 10 s with final melting at 95
• C for 20 s. Post-PCR melting curves confirmed the specificity of the single-target amplification, and fold changes in gene expression were normalized to the housekeeping gene GAPDH. Duplicate samples were analyzed for each cDNA sample, while fluorescence emission was detected and relative quantification was calculated automatically.
Primers
The following primer sequences were used in the relative-quanatitive realtime RT-PCR analyses:
F-5 TGAGTTCCAGCACCTCTGTTTCCT 3, R-5 GTCCTGCATTTGGCAC TCCATGTT 3.
Plasma Analysis
Plasma was isolated by centrifugation of whole blood samples at 5000 g for 10 min. Isolated plasma samples were then stored at −20
• C until further analysis. Plasma concentrations of T 3 and T 4 were determined using commercially available ELISA kits according to the manufacturer's recommendations (Cusabio Life Science, Wuhan, China).
Statistical Analysis
All statistical analyses were performed using SPSS v. 23 (IBM, Chicago, USA). Data for T c , T 3 , T 4 , Hsps, and HSFs were expressed in means ± SD. For each experimental time point (post-hatch day 1, 3, 5, 14, 28, and 35), one-way analysis of variance (ANOVA) followed by an all-pairs Bonferroni test was used to compare different parameters in all treatment groups (control vs. TM groups). Two-way ANOVA was also used to compare mRNA fold changes within treatment groups (naïve [0 h] vs. TS after 1, 3, and 5 h). The mRNA fold change in the expression was considered to be significant if the P values obtained were less than 0.05 (P < 0.05).
RESULTS
Effect of TM on Cloacal Temperature
The effect of TM during embryogenesis on chicken cloacal temperature (T c ) during the post-hatch period is shown in Figure 1 . On post-hatch day 1, the T c of the TM 1 group was significantly higher than in the control and other TM groups (P < 0.05). However, during post-hatch days 2 to 34, T c of TM chicks was only numerically lower than that of the controls (P > 0.05). On post-hatch day 35, T c of TM 4 chicks was significantly lower than that of the other TM and control groups.
The Effect of TS (41
• C for 6 h) on Post-hatch Day 14 on Cloacal Temperature (T c ) and the Plasma Levels of the Thyroid Hormones T 3 and T 4
The effects of TM and TS on T c and plasma levels of T 3 and T 4 on post-hatch day 14 are shown in Table 1 . At 0 h of TS (naive), there was no significant difference between the basal T c among the control and TM groups. However, after TS, T c was significantly higher in all treatment groups compared to naïve groups. In the TS groups, T c of the control chickens was significantly higher than that of their TM counterparts. The highest T c was recorded in all treatment groups 5 h after the initiation of TS.
Except for a reduction in T 3 plasma levels in the TM 2 group, comparable basal levels of T 3 in the other TM (TM 1 , TM 3 , and TM 4 ) groups and control were observed before TS (at 0 h). However, after 1 h of TS, T 3 levels significantly decreased in all TM groups compared to controls, but, after 3 h of TS, T 3 levels were only significantly lower in the TM 2 compared to the other TM and control groups. Furthermore, after 5 h of TS, T 3 levels were significant lower in TM groups compared to the control group.
Compared to the naïve groups (0 h of TS), T 3 levels in the control group were significantly higher after 1 and 5 h of TS. On the other hand, T 3 levels were significantly lower in the TM 1 group after 1 and 5 h of TS, whereas for the TM 2 group, the lower levels were observed after 1 and 3 h of TS. In the TM 4 group, the lower significant levels were only observed after 5 h of TS.
Before TS (0 h, naive), the basal levels of T 4 in the TM groups were significantly lower than in the control chicks. However, after 1 h of TS, there was a significant increase in T 4 plasma levels in all TM groups compared to the control and naïve groups, with the highest increase being in the TM 1 . Other than the comparable T 4 levels observed between the TM 3 and control groups after 3 h of TS, T 4 levels exceeded basal levels after 3 and 5 h of TS in all TM groups compared to the controls. Interestingly, after 5 h of TS, a significant reduction in T 4 plasma levels was observed in the control group compared to the TM groups. • C; TM 1 = thermal manipulation at 38.5
• C for 18 h; TM 2 = thermal manipulation at 39
• C for 18 h; TM 3 = thermal manipulation at 39.5
• C for 18 h, TM 3 = thermal manipulation at 40
• C for 18 h. a-c Within the same day, means ± SD with different superscripts differ significantly (P < 0.05). In contrast to naïve groups (0 h of TS), T 4 levels in the TM groups were significantly higher after 1, 3, and 5 h of TS. On the other hand, T 4 levels were significantly lower after 1 and 5 h of TS but significantly higher after 3 h of TS.
• C for 6 h) on Post-hatch Day 28 on Cloacal Temperature (T c ) and the Plasma Levels of the Thyroid Hormones T 3 and T 4
The effects of TM and TS on post-hatch day 28 on T c and T 3 and T 4 plasma levels are shown in Table 2 . Before TS (0 h, naïve), there was no significant difference between basal T c among the control and TM groups. However, after TS, T c significantly increased in all treatment groups compared to naïve groups. The T c of the control and TM 4 groups was significantly higher in the TS groups than in the other TM groups. The highest T c was recorded in all treatment groups after 1 h of TS and started to decline after 3 h of TS.
With the exception of a reduction in T 3 plasma levels in the TM 2 group, comparable basal levels of T 3 were observed among both TM and control groups. However, after 1 h of TS, T 3 plasma levels declined in TM groups relative to the controls and remained lower after 3 and 5 h of TS. However, this reduction in T 3 levels was only significant in the TM 2 group: in the other groups, the reduction was only numerically different. Before TS (0 h, naïve), the basal levels of T 4 in all TM groups were significantly higher than those of the controls. However, after the first hour of TS, there was a significant increase in T 4 plasma levels in all treatment groups, and the highest increase was observed in the TM 2 group after 1 h of TS. T 4 levels remained higher after 3 and 5 h of TS in all treatment groups compared to those of the control and naïve groups.
Effects of TM on the mRNA Levels of Hsp70, Hsp60, HSF-3, and HSF-4 on Post-hatch Days 1, 5 and 7
The effects of TM on the muscle mRNA levels of Hsp70, Hsp60, HSF3, and HSF4 on post-hatch days 1, 5, and 7 are shown in Table 3 . On post-hatch day 1, the mRNA levels of Hsp70 were significantly lower in all TM groups compared to the controls. Furthermore, TM resulted in significant increases in Hsp60 and HSF4 mRNA levels of in the TM groups compared to the controls. Except for a significant increase in the TM 4 group (P < 0.05), comparable levels of HSF3 were observed in the TM and control groups (P > 0.05).
On post-hatch day 5, Hsp70 mRNA levels were significantly higher in all TM groups compared to controls. However, there was a significant reduction in the mRNA levels of Hsp60, HSF3, and HSF4 in all TM groups compared to controls.
On post-hatch day 7, TM resulted in significant increases in Hsp70 and HSF4 mRNA levels in all TM groups compared to the controls. With the exception of a significant reduction in Hsp60 mRNA levels in the TM 4 group (P > 0.05), TM resulted in significant increases in the mRNA levels of Hsp60 in TM groups compared to the control groups. Furthermore, comparable mRNA levels of HSF-3 expression were observed in the TM and control groups (P > 0.05) except for a significant increase in the TM 4 group (P < 0.05).
Effect of TM and TS (41
• C for 6 h) on the Muscle mRNA Levels of Hsps and HSFs on Post-hatch Day 14 mRNA Levels of HSPs The effects of TM and TS on the muscle mRNA levels of Hsps on post-hatch day 14 are shown in Table 3 . Before TS (0 h, naïve), the basal levels of Hsp70 mRNA levels in TM 1 and TM 4 were significantly higher than those of the TM 2 , TM 3 , and control groups. However, after 1 h of TS, there was a significant increase in Hsp70 mRNA levels in all TM groups compared to the control group and levels remained higher after 3 h of TS. However, after 5 h of HS, Hsp70 mRNA levels declined in all TM groups compared to the controls. Peak Hsp70 mRNA levels in all TM groups were observed after 1 h of TS, whereas for the control group, the peak was observed after 5 h of TS.
Before TS (0 h, naïve), the basal mRNA levels of Hsp60 were significantly higher in all TM groups compared with the control group. However, after 1 and 3 h of TS, there was a significant increase in Hsp60 mRNA levels in all treatment groups compared to the control group and levels remained higher after 3 h of TS. However, after 5 h of TS, there was a decline in Hsp60 mRNA levels in all TM groups compared to the controls. Peak Hsp60 mRNA levels in all TM groups were observed after 3 h of TS, whereas for the control group, the peak was observed after 1 h of TS.
mRNA Levels of HSFs The effects of TM and TS on the muscle mRNA levels of HSFs on post-hatch day 14 are shown in Table 4 . Before TS (0 h, naïve), the basal mRNA levels of HSF3 were significantly higher in all TM groups compared with the control group. However, after 1 h of TS, there was a significant increase in HSF3 mRNA levels in all groups, with the highest increase in the control and TM 4 groups. However, after 3 h of TS, higher HSF3 mRNA levels were observed in the TM 1 , TM 2 , and TM 3 groups Table 3 . Effect of thermal manipulation during broiler chicken embryogenesis on relative muscle mRNA expression of Hsp70, Hsp60, HSF-3 and HSF-4 on post-hatch days 1, 5 and 7. compared to the control and TM 4 groups. Peak mRNA level of HSF3 was observed after 5 h of TS in all TM groups except for TM 4 , which peaked after 1 h of TS. Before TS (0 h, naïve), the basal mRNA levels of HSF4 were significantly higher in the TM 3 and TM 4 groups compared with those of the TM 1 , TM 2 , and control groups. However, after 1 h of TS, there was a significant increase in HSF4 mRNA levels in all TM groups compared to the control group. After 3 h of TS, a higher HSF4 mRNA level was observed in the control group compared to the TM groups. Furthermore, after 5 h of HS, a second peak in mRNA levels of HSF4 was observed in all TM groups.
• C for 6 h) on the Muscle mRNA Levels of Hsps and HSFs on Post-hatch Day 28 mRNA Levels of HSPs The effects of TM and TS on the muscle mRNA levels of Hsps on post-hatch day 28 are shown in Table 5 . Before TS (0 h, naïve), the basal mRNA levels of Hsp70 were significantly higher in the TM groups compared with the control group. Furthermore, after 1 h of TS, there was a significant increase in Hsp70 mRNA levels in all TM groups compared to the control group, and levels remained higher after 3 h of TS. However, after 5 h of TS there was a decline in mRNA levels of Hsp70 in all TM groups Table 5 . Effect of thermal manipulation during broiler chicken embryogenesis and thermal stress (TS) on post-hatch day 28 on the relative mRNA expression of Hsp70 Hsp60, HSF-3 and HSF-4. compared to the control. Peak Hsp70 mRNA levels in all TM groups were observed after 1 and 3 h of TS, whereas for the control group, the peak was observed after 5 h of TS. Before TS (0 h, naïve), the basal mRNA levels of Hsp60 were significantly higher in all TM groups when compared with the control group. However, after 1 h of TS, there was a significant increase in the mRNA levels of Hsp60 in the TM 2 , TM 3 , and TM 4 groups compared to the control group, and levels remained higher after 3 h of TS. However, after 5 h of TS, there was a decline in Hsp60 mRNA levels in all treatment groups compared to levels after 3 h of TS. Peak Hsp60 mRNA levels in the control, TM 1 , and TM 2 groups were observed after 3 h of TS, whereas for the TM 3 and TM 4 groups, the peak was observed after 1 h of TS.
mRNA Levels of HSFs The effects of TM and TS on the muscle mRNA level of HSFs on post-hatch day 28 are shown in Table 5 . Before TS (0 h, naïve), the basal mRNA levels of HSF-3 were significantly higher in all TM groups compared with the control group. However, after 1 h of TS, there was a significant increase in HSF3 mRNA levels in the control and TM 2 groups when compared with the other treatment groups. Furthermore, after 3 h of TS, there was an increase in the HSF3 mRNA levels in the control, TM 3 , and TM 4 groups compared to the TM 1 and TM 2 groups. Peak HSF3 mRNA levels were observed after 5 h of TS in all treatment groups.
Before TS (0 h, naïve), the basal mRNA levels of HSF-4 were significantly higher in the TM 2 and TM 4 groups when compared with the TM 1 , TM 3 , and control groups. However, after 1 h of TS, there was a significant increase in HSF4 mRNA levels in all treatment groups (with the highest increase being observed in the TM 1 group), and levels remained higher after 3 h of TS. Furthermore, after 5 h of TS, there was a significant increase in HSF4 mRNA levels in the TM 2 and TM 4 groups compared to the other treatment groups. Peak HSF4 mRNA levels of were observed after 5 h of TS in the TM 2 , TM 3 , and TM 4 groups. In the control and TM 1 groups, the peak of HSF4 mRNA levels were observed after 1 h of TS.
DISCUSSION
The aim of this study was to determine the effect of TM during broiler chicken embryogenesis on the mRNA expression dynamics of Hsp70, Hsp60, HSF3, and HSF4 during TS on post-hatch days 14 and 28.
With the exception of post-hatch day 1 and 35, no significant changes in T c were observed among treatment groups at any stage of development. Correspondingly, Al-Zghoul et al. (2013) reported that T c of TM chicks (38.8
• C for 6 or 18 h) did not differ significantly from that of the controls. However, during TS on posthatch days 14 and 42, the T c of treated chicks was significantly lower than that of the controls. Furthermore, it has been reported that TM at 39.5
• C for 3 h during early and/or late embryogenesis led to a lower T c in treated chicks compared to controls at hatching. However, as the chicks grew older, the difference in T c between treatment groups decreased (Collin et al., 2007) . In contrast, Loyau et al. (2013) reported that the body temperature of TM chicks (39.5
• C for 12 h during ED 7 to 16) was significantly lower than that of the controls at hatching and remained lower until day 28 of age. Furthermore, previous studies (Piestun et al., 2008a (Piestun et al., ,b, 2009a (Piestun et al., , 2011 have also reported that TM (39.5 o C for 12 h/d during ED 7 to 16) had a long-lasting effect on thermotolerance acquisition by broilers that persisted until an early marketing age (day 35 of age).
Interestingly, in the current study, the T c of the TM chicks was significantly lower than that of the controls during TS on post-hatch days 14 and 28. These results indicate that TM improves thermotolerance acquisition in TM chicks and corroborates previous reports that the T c of TM chicks was significantly lower than that of controls (Loyau et al., 2013; Al-Zghoul et al., 2015a; Al-Rukibat et al., 2017) . On the other hand, Collin et al. (2007) reported significant hyperthermia in TM and control chicks following TS on post-hatch day 42, with higher mortality rates in TM chicks. These results indicate that the TM conditions tested by Collin et al. (2007) failed to improve long-term thermotolerance acquisition in TM chicks.
In the present study, TM for 18 h during ED12 to 18 at 38.5, 39, 39.5, or 40
• C followed by TS (41 • C for 6 h) on post-hatch days 14 and 28 resulted in a significant decrease in T 3 plasma levels and a significant increase in T 4 plasma levels in TM chicks. Interestingly, the decline in the plasma levels of the T 3 hormone coincided with lower T c in the TM chicks compared to the controls. A reduction in T 3 plasma concentration during thermal challenge in TM-treated chicks may suggest a reduction of the metabolic rate, which, in turn, leads to improved thermotolerance acquisition (Yahav and McMurtry, 2001; Yahav et al., 2004b) .
In the present study, TM resulted in significant increases in basal Hsp70 mRNA expression in the TM groups compared to the controls except on post-hatch day 1. This increase may be related to the fact that TM altered the basal mRNA expression of Hsps and HSFs. We have previously shown that TM has both shortand long-term effects on gene expression as indicated by higher basal Hsp70 expression in the TM groups compared to the control group (Al-Zghoul et al., 2013 .
Furthermore, in this study, TS on post-hatch days 14 and 28 led to rapid induction of Hsp70 mRNA expression in the TM groups compared to the control group, with peak expression being observed after 1 h of TS, with persistently high levels seen after 3 h. In the control group, there was a delay in Hsp70 mRNA expression in terms of peak expression, which was observed after 5 h of TS. These results indicate that TM had a long-lasting effect on Hsp70 expression as indicated by a rapid increase in Hsp70 levels, which could account for the improvement in thermotolerance acquisition and tissue stability in TM groups facing hyperthermia. It is well known that TS leads to a delay in the synthesis of most proteins. In spite of this, accelerated Hsp70 synthesis has been reported during periods of thermal challenge (Al-Aqil and Zulkifli, 2009 ). This might indicate the important role that Hsp70 plays in recovery from TS (Wei, 2006) . Furthermore, Hsp70 overexpression was found to be associated with an improvement in thermotolerance acquisition during hyperthermia in TM chicks (Al-Zghoul et al., 2013).
In this study, TM resulted in significant increases in the basal Hsp60 mRNA expression in the TM groups compared to the control except on post-hatch day 5. Furthermore, faster induction of Hsp60 mRNA expression in the TM groups compared to the controls was observed during TS on post-hatch days 14 and 28, with peak expression occurring after 1 h of TS followed by consistently higher levels. Similar to Hsp70, these results indicate that TM had an enduring effect on Hsp60 expression that could be responsible for the enhanced acquisition of thermotolerance and tissue stability in the TM groups during hyperthermia.
Under normal growth conditions, changes in Hsp60 expression have been observed following thermal challenge from a variety of environmental stressors (Sharma et al., 2006) . It is suggested that Hsp60 expression is tissue-specific and may be linked to tissue damage in response to TS. Previously, Al-Zghoul et al. (2015c) reported that TM resulted in a significant increase in Hsp60 mRNA levels. Furthermore, the magnitude of the expression was dependent of the tissue and initial TM duration, with higher expression detected in the muscle and heart. In a similar note, Yan et al. (2009) illustrated that Hsp60 expression is tissue-and timespecific in the heart, liver, and kidney of heat-stressed broilers (37
• C on day 30 for 0, 1, 2, 3, 5, and 10 h), and this may be linked to the tissue arising from TS. It was reported that Hsp60 levels in the hearts of heatstressed chickens gradually increased after 1 and 2 h of TS treatment and peaked after 5 h. The results of the present study showed that TM during ED 12 to 18 had the potential to induce mRNA expression of Hsp60 several weeks after termination of TM in tissues of broiler chickens, which led to improved thermotolerance acquisition.
Comparing between the mRNA expression levels of Hsp70, Hsp60, HSF3, and HSF4 on post-hatch days 14 and 28, we found that their expression did not differ significantly for the aforementioned genes except for Hsp70 (data not shown). For Hsp70, the expression was significantly higher compared with the other genes between the control and TM groups. This finding is in agreement with Al-Batshan (2002) that younger broilers are less susceptible to TS than older broilers.
In this study, TM resulted in significant alterations in the mRNA levels of HSF3 and HSF4 in TM chicks on post-hatch days 1, 5, and 7. Basal levels of HSF3 were significantly higher in the TM group on post-hatch days 14 and 28, but basal HSF4 levels were higher in the TM groups only on post-hatch day 28. After 1 h of TS, lower HSF3 levels were observed in the TM groups compared to the control except in the TM 4 group. In contrast, after 5 h of TS, higher HSF3 levels were observed in the TM groups, and, other than the TM 2 group after 1 h of TS, similar responses were also reported for HSF3 expression on post-hatch day 28. For HSF4, levels of mRNA expression were constant throughout all intervals on post-hatch day 28. High Hsp70 mRNA levels are concurrently associated with reduction in HSF3 gene expression. This is consistent with the hypothesis that Hsp70 may negatively regulate HSF3 activation. Solomon et al. (1991) reported that a reduction in the amount of cellular Hsp70 is thought to lead to HSF activation and subsequent extended synthesis of all Hsps. Moreover, Srinivas and Swamynathan (1996) suggested that Hsp70 is the negative regulator of Hsf-mediated stress response, as evidenced by Abravaya et al. (1992) findings that the addition of Hsp70 blocks Hsf in vitro activation. This consolidates the claim that TM has a short-and a long-lasting effect on the expression of HSFs several weeks after termination of TM during broiler chicken embryogenesis. In addition, this alteration was associated with improved thermotolerance acquisition in the broiler chicken during TS.
The results of this study indicate that TM of broiler chicken eggs (38.5
• C, 39
• C, 39.5
• C, or 40
• C for 18 h) daily during ED12 to 18 led to an improvement in thermotolerance acquisition in TM chicks during TS. This improvement could be attributed to the observation that TM not only altered the basal Hsp and HSF levels during the first week of life but also resulted in alterations in their expression dynamics during TS.
